Introduction
Excitatory neurotransmission mediated by NMDA receptors (NMDARs) plays fundamental roles in both physiological and pathological processes in the mammalian CNS, as well as being a promising therapeutic target for human neurological diseases. Functional NMDARs are heteromeric complexes composed of at least one obligatory NR1 subunit and one or more NR2 or NR3 subunits. NR1 is expressed ubiquitously in the CNS. Other subunits show more limited expression. For example, NR2A and NR2B prevail in the adult cortex and hippocampus, whereas NR2C is highly enriched in cerebellum and NR2D in the brainstem (Monyer et al., 1994; Sheng et al., 1994; Cull-Candy et al., 2001) . The functional diversity of NMDARs is rooted in their subunit diversity. Different subunit combinations yield functional NMDARs that vary markedly in their electrophysiological properties and sensitivities to modulation by intracellular messengers (Buller et al., 1994; Cull-Candy et al., 2001; Barria and Malinow, 2005) .
Regulation of gene expression by NMDAR activation may be an important mechanism for neuronal development, synaptic plasticity, learning and memory, as well as the pathogenesis for a diversity of neurological disorders such as epileptogenesis. Pretreatment of rats with NMDAR antagonists at doses with minimal anticonvulsant effects prevents epileptogenesis in kindling, pilocarpine, and kainate models of limbic epilepsy (Ormandy et al., 1989; Stafstrom et al., 1993; Sutula et al., 1996; Rice and DeLorenzo, 1998) . Conversely, activity-dependent BDNF expression is required for limbic epileptogenesis. Seizure activity increases BDNF expression and its receptor TrkB activation (Isackson et al., 1991; Danzer et al., 2004; He et al., 2004) . Moreover, intracerebroventricular infusion of TrkB-Fc to scavenge endogenous BDNF slows the development of kindling (Binder et al., 1999) . Conditional knock-out of the TrkB receptor itself prevents epileptogenesis in the kindling model . Together, these studies suggest that neuronal activity-dependent NMDAR activation and subsequent BDNF expression are crucial for limbic epileptogenesis.
In the present study, we examined the essential roles of NR2A-and NR2B-containing NMDARs in activity-dependent BDNF gene expression and limbic epileptogenesis. We found that NR2A and NR2B subunit-containing NMDARs were coupled to distinct intracellular signaling, resulting in differential BDNF expression and extracellular signal-regulated kinase 1/2 (ERK1/2) diluted 200 -500 times in culture media. Experiments were performed 16 -20 h after infection.
Reverse transcription-PCR. For analysis the BDNF expression in neuronal cultures, the hippocampal neurons were pretreated with NMDAR antagonists for 15 min and then treated with bicuculline (50 M; Tocris Cookson, Ballwin, MO) for 4 h and harvested with 1 ml Trizol Reagent (Invitrogen) at 4°C. For analysis of the BDNF expression in vivo, rats were killed by decapitation under an overdose anesthetic 3 h after status epilepticus (SE) induced by pilocarpine. Rat brains were removed rapidly, and hippocampi were dissected quickly on ice and homogenized in 1 ml of Trizol Reagent at 4°C. RNA was extracted according to the recommendations of the manufacturer, and the final RNA pellet was suspended in diethylpyrocarbonate-treated water. Reverse transcription (RT)-PCR was done using a kit from Promega (Madison, WI). The sequences of the primers were 5Ј-CATCCAGTTCCACCAGGT-3Ј, 5Ј-CCATGGG-TCCGCACAGCT-3Ј for BDNF and 5Ј-CCCCAATGTATCCGTTGTG-3Ј, 5Ј-CTCAGTGTAGCCCAGGATGC-3Ј for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In RT-PCR, quantification of band intensity was performed on PhosphorImager (Storm 860; Amersham Biosciences, Arlington Heights, IL) using Image-Quant 5.0 software, and all bands were normalized as percentage of control values.
In situ hybridization. Riboprobes were prepared from a BDNF cDNA insert (nucleotides 1-412) cloned in a Teasy vector (Promega). The tissue sections were fixed for 30 min with 4% formaldehyde in 0.1 M phosphate buffer, pH 7.2, and washed extensively with PBS. They were treated for 10 min at room temperature with 50 g/ml proteinase K (Sigma) in PK buffer (5 mM EDTA and 50 mM Tris-HCl, pH 7.2) and reacted with acetic anhydride in 0.1 M RNase-free triethanolamine, pH 8.0. Afterward, the sections were incubated with 0.5-1 g/ml probes in hybridization solution for 12-16 h at 62°C. Hybridization solution (2 ml/slide) contained 50% formamide, 5ϫ SSC, 0.3 mg/ml yeast tRNA, 100 g/ml heparin, 1ϫ Denhardt's solution (0.02% BSA, 0.02% polyvinylpyrrolidone, and 0.02% Ficoll 400), 0.1% Tween 20, 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, and 5 mM EDTA. After hybridization, the sections were sequentially washed in 1ϫ, 1.5ϫ, 2ϫ, and 0.2ϫ SSC for 10, 10, 80, and 60 min at 60, 60, 37, and 60°C sequentially. To remove mismatched cRNA hybrids, the sections were incubated with RNase A (0.1 g/ml) in 2ϫ SSC at 37°C for 30 min before they were washed by 0.2ϫ SSC. The sections then were blocked with 20% heat-inactivated sheep serum in PBT (1ϫ PBS, 2 mg/ml BSA, and 0.1% Triton X-100) for 3 h at room temperature and incubated with preabsorbed anti-digoxigenin antibody [coupled to alkaline phosphatase (AP)] diluted to a final concentration of 1:3000 with 20% sheep serum in PBT at 4°C overnight. Finally, the section were washed in PBT and AP buffer (100 mM Tris, pH 9.5, 50 mM MgCl 2 , 100 mM NaCl, and 0.1% Tween 20) and then visualized after reacting with nitroblue-tetrazoliumchloride (NBT)/5-bromo-4-chlor-indolyl-phosphate (BCIP) (1 l of NBT and 3.5 l of BCIP in 1 ml of AP buffer) in the dark for 8 -10 h.
Western blot. Western blot was performed from cultured hippocampal neurons in six-well dishes (2 ϫ 10 6 cells per well). The hippocampal neurons were pretreated with NMDAR antagonists for 15 min and then treated with bicuculline (50 M) for 5 min as described previously (Hardingham et al., 2001) . Cells were immediately rinsed, scraped into SDS-PAGE sample buffer, and processed for Western blot analysis using phosphorylated ERK1/2 (1:1000; Cell Signaling Technology, Beverly, MA) and ERK1/2 (1:1000; Cell Signaling Technology) antibodies. In Western blot, quantification of band intensity was performed on PhosphorImager (Storm 860; Amersham Biosciences) using Image-Quant 5.0 software, and all bands were normalized as percentage of control values.
Immunohistochemistry. The brain sections were embedded in 1% H 2 O 2 for 30 min and washed twice by 1ϫ PBS, incubated with 5% BSA for 60 min at room temperature to block nonspecific background staining, and then incubated with the primary antibody of phosphorylated ERK (1:200; Cell Signaling Technology) dissolved in 5% BSA overnight at 4°C. Afterward, the sections were incubated with the secondary antibody biotinylated anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) for 30 min at room temperature and then washed by 1ϫ PBS for three times. The sections were then reacted with avidin-biotin horseradish peroxidase solution (standard ABC Elite kit; Vector Laboratories) for 30 min at room temperature and visualized with 0.003% H 2 O 2 and 0.03% 3,3-diaminobenzidine tetrahydrochloride in 0.05 M Tris-HCl, pH 7.6.
Kindling procedure and anticonvulsant test. Adult male Sprague Dawley rats weighing 200 -250 g were maintained on a 12 h light/dark cycle with ad libitum access to food and water. Procedures involving animals and their care were performed in accordance with the Animal Care and Use Committee of the Institute of Neuroscience. All efforts were made to minimize animal suffering. Under chloral hydrate (250 mg/kg, i.p.) anesthesia, bipolar electrode of stainless steel used for stimulation and recording was stereotaxically implanted in the left amygdala (2.8 mm posterior to bregma, 4.9 mm lateral to the midline, 8.6 mm below dura). Four screws were inserted into the skull through a drilled hole without piercing the dura. One of the screws (0.8 mm anterior to bregma, 3.0 mm right lateral to the midline) served as ground electrode; one served as reference (6.0 mm posterior to bregma, 3.0 mm right lateral to the midline) in the electroencephalographic (EEG) recording. Cannula was implanted into the right lateral ventricle (0.9 mm posterior to bregma, 1.4 mm lateral to the midline, and 4.0 mm below the skull surface) for drug infusion. Cannula, electrodes, and screws were fixed with a mixture of acrylic and dental cement. After a postoperative recovery period of at least 7 d, the electroencephalographic seizure threshold was determined by application of a 1 s train of 1 ms monophasic rectangular pulses at 62 Hz beginning at 50 A. The 25 A steps were administered at 2 min interval until an afterdischarge (AD) lasting at least 5 s was detected. Animals whose stimulation intensity was larger than 400 A were excluded from this experiment. The intensity of AD threshold plus 100 A was administered twice a day during the following days. The behavioral progression of kindling-induced seizures was scored according to Racine's standard classification (Racine et al., 1972) : 0, no reaction; 1, stereotype mounting, eye blinking, and/or mild facial clonus; 2, head nodding and/or several facial clonus; 3, myoclonic jerks in the forelimbs; 4, clonic convulsions in the forelimbs with rearing; and 5, generalized clonic convulsions associated with loss of balance. Fully kindled was defined by the occurrence of three consecutive class 5 seizures. To examine the effect of NMDAR antagonists on kindling, rats were received intracerebroventricular injections of the NMDAR nonselective antagonist MK801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate] (50 nmol; Sigma), the NR2A subunit selective an-
2,3-dioxo-1,2,3,4-tetrahydro-quinoxalin-5-yl)-methyl]phosphonic acid) (2 nmol; synthesized as described by Auberson et al., 2002) , or the NR2B subunit-selective antagonist ifenprodil (30 nmol; Sigma). All antagonists were dissolved in saline and infused in a total volume of 5 l (1 l/min), 30 min before each stimulation.
For the anticonvulsant test, a group of animals received twice a day stimulations without drug administration until the animals reached 10 constitutive class 5 seizures. Resting for 2 d, animals were acutely administered with saline, MK801 (50 nmol), NVP-AAM077 (2 and 4 nmol), or ifenprodil (30 nmol), respectively, by intracerebroventricular injection 30 min before stimulation to test whether they still reach class 4/5 seizures.
Pilocarpine-induced status epilepticus and behavioral monitoring. For the pilocarpine model, rats were implanted unilaterally with a 26-gauge stainless steel cannula into the right lateral ventricle (0.9 mm posterior to bregma, 1.4 mm lateral to the midline, and 4.0 mm below the skull surface) under chloral hydrate (250 mg/kg, i.p.) anesthesia. The cannula was anchored to the skull with four stainless steel screws. One of screws (0.8 mm anterior to bregma, 3.0 mm left lateral to the midline) served as a recording electrode for brain surface EEG, one served as ground electrode (6.0 mm posterior to bregma, 3.0 mm right lateral to the midline), and one served as reference (6.0 mm posterior to bregma, 3.0 mm left lateral to the midline) in EEG recording. Rats were given at least 7 d to recover before experimental procedures.
Pilocarpine hydrochloride (Sigma) dissolved in 0.9% saline was administered intraperitoneally at a dose of 340 mg/kg to rats. Control rats received an equivalent volume of saline. Scopolamine methylbromide (2 mg/kg, i.p.; Sigma) was injected 30 min before pilocarpine to suppress peripheral muscarinic cholinergic effects. Diazepam (4 mg/kg, i.p.; Sigma) was administered 2 h after the onset of SE, characterized by continual recurrent seizures (classes 3, 4, and 5), to terminate the seizure and standardize the duration of seizure activity. We determined the time of SE onset when rats first reached the class 4 seizure. Rats were monitored continuously for 8 h after pilocarpine injection. The seizure intensity and classification were evaluated according to Racine's classification (Racine et al., 1972) indicated in the kindling procedure. Only those rats that reached at least the class 4 seizures were considered in this study. To examine the effect of NMDAR antagonists on epilepsy, antagonists were infused intracerebroventricularly in a total volume of 5 l (1 l/min), 30 min before pilocarpine injection.
Rats in each group were divided into three parts. The aim of first part was to observe the effects of different antagonists on ERK1/2 phosphorylation and BDNF mRNA expression, in which rats were killed 3 h after SE. The aim of second part was to observe the effects of different antagonists on acute neuronal cell death, in which rats were killed 24 h after SE. The aim of third part was to observe the effects of antagonists on the epileptogenesis after SE, in which rats were continuously monitored 40 h/week (8 h/d, 5 d/week) to record spontaneous seizures by video camera from 7 d after SE. The monitoring of the spontaneous seizures was performed by a combination of video-and EEG-detection system. Observation continued up to 8 weeks after SE until rats killed to detect the mossy fiber sprouting in the inner molecular layer of dentate gyrus.
Timm staining. Timm staining is used to visualize mossy fiber reorganization in the inner molecular layer of dentate gyrus that accompanies epileptogenesis (Sutula et al., 1989; Cavazos et al., 1991) . Rats surviving up to 8 weeks after SE or 10 times constitutive class 5 seizures in kindling were deeply anesthetized by an overdose chloral hydrate and perfused for 2 min with 0.9% NaCl, 5 min with sulfide solution, and 30 min with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The sulfide solution consisted of 1.2% Na 2 S ⅐ 9H 2 O and 1.0% NaH 2 PO 4 . Afterward, the brain was removed and postfixed overnight, immersed in 30% sucrose at 4°C for 2-3 d, and sectioned into frontal sections (30 m) for histological analyses. The slides were immersed for 15 min in 100% alcohol, 2 min in 70% alcohol, 2 min in 50% alcohol, and 2 min in distilled water and then placed in a solution containing a 12:6:2:1 mixture of gum arabic (50% w/v), hydroquinone (5.67% w/v), citric acid-sodium citrate buffer (26% citric acid, w/v; 24% sodium citrate, w/v), and silver nitrate (17% w/v; all from Sigma) and developed for 45 min in dark. Timm staining was quantified by Image Pro-Plus software. Assessment of mossy fiber sprouting (Timm index) was obtained from the absolute value of the total area of Timm granules divided by total length of dentate gyrus Sprengel et al., 1998) . For each animal, the absolute value of the Timm index is the mean of the three sections. All procedures and analyses were done by an individual blinded to the treatment.
The Fluoro-Jade B and Nissl stainings. Degenerating neurons were detected with Nissl and Fluoro-Jade B stainings as described previously (Xiong et al., 2003) . Briefly, rat brain slides were immersed for 3 min in 100% ethanol, 1 min in 70% ethanol, 1 min in distilled water, and then transferred to a solution containing 0.0004% Fluoro-Jade B (HistoChem, Jefferson, AR) and 0.1% acetic acid for 30 min. After three washes, the slides were coverslipped. Labeled sections were imaged with a confocal laser-scanning microscope (LSM510; Zeiss, Oberkochen, Germany) under green fluorescence. For Nissl staining, the slides were placed directly into 1:1 alcohol/chloroform for 30 min and rehydrated through 100, 95, 80, 70, 60, and 50 alcohol to distilled water. Afterward, the slides were stained in cresyl violet solution for 30 min and then dehydrated through distilled water to 50, 60, 70, 80, 95 , and 100% alcohol, cleared in xylene. Finally, the slides were mounted with resinous medium and analyzed under a bright-field microscope (Nikon, Tokyo, Japan). Neuronal injury was assessed in CA1, CA3, and hilus in two pairs of two consecutive sections of dorsal hippocampus (at approximately Ϫ3.6 and Ϫ4.5 mm from bregma) using Image-Pro software 5.0. The number of Nisslpositive and Fluoro-Jade B-positive cells in each section were divided by the area sampled, respectively. The staining and data analyses were done by an individual blinded to the treatment.
Statistical analysis. All statistical analyses were performed using SPSS (Cary, NC) 13.0 software. Values are expressed as mean Ϯ SEM. The data among the groups were compared using one-way ANOVA. Betweengroups variance was determined by a Fisher's least significant difference post hoc test after ANOVA, except the study of percentage of rat with spontaneous seizure, which is examined by 2 test. Statistical significance was defined as p Ͻ 0.05.
Results
Differential roles of NR2A and NR2B subunits in activity-dependent BDNF mRNA expression Stimulating cultured hippocampal neurons with the GABA A receptor antagonist bicuculline to elevate excitatory synaptic transmission markedly increased BDNF mRNA level. The nonselective NMDAR antagonist MK801 blocked bicucullineinduced BDNF mRNA expression, suggesting that synaptic NMDAR activation is required for activity-dependent BDNF expression (Hardingham et al., 2002) . Mature hippocampal neurons express NR1 and both NR2A and NR2B but not other subunits (Tovar and Westbrook, 1999) . To test whether NR2A and NR2B subunits differentially contribute to activitydependent BDNF expression, we used two NR2 subunit-selective antagonists: NVP-AAM077 and ifenprodil. NVP-AAM077 is relatively selective for NR1/NR2A receptors at low concentrations (Auberson et al., 2002; Liu et al., 2004; Berberich et al., 2005) . Ifenprodil is a selective inhibitor of NR1/NR2B-containing receptors (Williams, 1993; Priestley et al., 1995) . We first tested the selectivity of these antagonists in the HEK293 cells expressing rat recombinant NR1/NR2A or NR1/NR2B receptors. We found that antagonist of NR2A-containing receptors (NVP-AAM077) at the concentration of 0.4 M blocked nearly 90% of NR1/NR2A-mediated current evoked by 100 M NMDA without significant effects on NR1/NR2B-mediated current. Ifenprodil at the concentration of 3 M blocked NR1/ NR2B current without any effect on NR1/NR2A current (supplemental Fig.  1 A-D, available at www.jneurosci.org as supplemental material). Interestingly, application of NVP-AAM077 at 0.4 M reduced bicuculline-induced BDNF mRNA expression in cultured hippocampal neurons. In contrast, treatment with the NR2B-selective antagonist ifenprodil at 3 M did not affect bicuculline-induced BDNF mRNA expression ( Fig. 1 A, B) , suggesting that NR2A-containing, but not NR2B-containing, NMDARs selectively contribute to activity-dependent BDNF expression.
To complement these pharmacological results, we used an acute gene delivery technique to express the cytoplasmic domain of NR2A or NR2B in hippocampal neurons to selectively interfere with their potential interaction with intracellular signaling molecules. The functional significance of NR2 subunit C termini has been highlighted by investigations in mice bearing C-terminally truncated mutations tail -EGFP was markedly increased after bicuculline stimulation but not in neurons infected with SFV(pd)-NR2A tail -EGFP. D, The induction of BDNF mRNA was quantified by band density ratio of BDNF to GAPDH and then normalized to control values (without bicuculline treatment; data represent mean Ϯ SEM; n ϭ 4; *p Ͻ 0.05 compared with control values). E, In situ hybridization was used to evaluate the level of BDNF mRNA in rats killed 3 h after SE induced by pilocarpine. BDNF mRNA was increased in hippocampus of saline-treated rats. Treatment with MK801 (50 nmol) or NVP-AAM077 (2 nmol), but not ifenprodil (30 nmol), reduced BDNF mRNA accumulation. Scale bar, 500 m. F, RT-PCR analyses of BDNF mRNA level were performed in hippocampal homogenate from rats treated with vehicle or NMDAR antagonists 3 h after SE. G, The induction of BDNF mRNA was quantified by band density ratio of BDNF to GAPDH and then normalized to control values (Sham; data represent mean Ϯ SEM; n ϭ 4; **p Ͻ 0.005 compared with sham; ## p Ͻ 0.005 compared with vehicle). (Sprengel et al., 1998; Sheng, 2001) . These mice showed altered synaptic plasticity and behavior, suggesting that NR2A/ NR2B subunit C termini bind to intracellular adaptor proteins and/or signaling molecules that determine the specificity of NR2A-and NR2B-dependent synaptic signaling pathways. To acutely interfere NR2A-and NR2B-dependent synaptic signaling, we used a Semliki Forest virus (SFV) to overexpress the carboxyl cytoplasmic tail (838 -1464 aa) of NR2A or of NR2B (839 -1482 aa) fused with EGFP in cultured hippocampal neurons. SFV confers several advantages over other gene delivery approaches, including easy and fast generation of recombinant viral particles, rapid and high-level transgene expression, and efficiently and preferentially infecting neurons rather than non-neuronal cells (Ehrengruber, 2002; Lundstrom et al., 2003) . Electrophysiological recording showed that overexpression of NR2A tail , NR2B
tail , or EGFP in cultured neurons did not affect of the NMDA-induced peak current, suggesting that these expressed peptides do not perturb NMDAR channel opening (supplemental Fig. 2 A-F, available at www.jneurosci.org as supplemental material). Consistent with the results obtained by using subunit antagonists, expression of NR2A tail , but not NR2B tail or the EGFP alone, reduced bicucullineinduced BDNF mRNA expression (Fig.  1C,D) .
Finally, additional experiments were performed to assess these antagonists on activity-dependent BDNF mRNA transcription in vivo. We first assessed the in vivo selectivity of these antagonists by studying the effects of these antagonists in NMDA receptor-dependent synaptic plasticity. Recent genetic and pharmacological studies suggested that NR2A and NR2B have differential roles in CA1 long-term potentiation (LTP) and long-term depression (LTD) (Liu et al., 2004; Massey et al., 2004) . By infusing different doses of antagonists into cerebral ventricle of adult rats, we found that NVP-AAM077 (2 and 4 nmol) significantly attenuated LTP but did not affect LTD. In contrast, ifenprodil (30 nmol) inhibited LTD but had no significant effect on LTP (our unpublished data). These findings are consistent with the interpretation that 2 nmol of NVP-AAM077 is mainly inhibiting NR2A-containing NMDARs, whereas 30 nmol of ifenprodil is selective for NR2B subtype NMDARs in vivo. Three hours after pilocarpine-induced SE, BDNF mRNA was increased in the hippocampus as demonstrated by in situ hybridization and RT-PCR. A single injection of NVP-AAM077 (2 nmol), but not ifenprodil (30 nmol), inhibited SE-induced BDNF mRNA expression in hippocampus (Fig. 1 E-G) . Both of these in vitro and in vivo experiments indicated that NR2A, but not NR2B, subunit contributed to NMDAR-mediated BDNF expression.
Differential roles of NR2A and NR2B in NMDAR-dependent ERK1/2 phosphorylation
The ERK1/2 pathway plays critical roles in cell proliferation, differentiation, and cell survival (Grewal et al., 1999; Impey et al., 1999; Agell et al., 2002; Cheung and Slack, 2004) . Recent studies indicate that the NR2B subunit is coupled to ERK1/2 activation by Ras-guanylnucleotide releasing factor 1 (Krapivinsky et al., 2003) . We thus investigated the relative contribution of NR2A and NR2B in NMDAR-mediated ERK1/2 activation. Selective activation of NMDARs in cultured neurons with 50 M bicuculline resulted in increased phosphorylation of ERK1/2, which was prevented by ifenprodil but not by NVP-AAM077 (Fig. 2 A, B) . Consistent with the results obtained by using the antagonists, expression of NR2B tail , but not NR2A tail or the EGFP alone, re- tail -EGFP, was markedly increased after stimulation (data represent mean Ϯ SEM; n ϭ 4; *p Ͻ 0.05 comparedwithcontrolvalues).E,ThephosphorylatedERK1/2wasmeasuredbyimmunohistochemistryinratsthatwereperfused3hafter SE. The high magnification of CA1 pyramidal neurons was shown in the bottom row. Phosphorylated ERK1/2 immunoreactivity increased in the hippocampus of saline-treated rats. Treatment with MK801 (50 nmol) or ifenprodil (30 nmol) reduced SE-induced phosphorylated ERK1/2 activation, whereas NVP-AAM077 (2 nmol) did not. Scale bars: top row, 500 m; bottom row, 50 m. duced bicuculline-induced ERK1/2 phosphorylation (Fig. 2C,D) . Thus, NR2B, but not NR2A, appeared to be selectively coupled to ERK1/2 activation in cultured neurons.
This finding in cell cultures was further confirmed by examining the role of NR2A and NR2B in ERK1/2 activation in vivo. Using immunohistochemical staining, we found that hippocampal sections from rats exhibiting SE showed a marked increase in phosphorylated ERK1/2, which was attenuated by injection with MK801 or ifenprodil but not by NVP-AAM077 (Fig. 2 E) . Both of these in vitro and in vivo experiments indicated that NR2B subunit, but not NR2A subunit, contributed to ERK1/2 activation.
Selective effects of NR2A and NR2B antagonists on epileptogenesis
To determine whether the NR2A-and NR2B-containing NMDARs have distinct roles in epileptogenesis, we first examined the effect of subunit-selective antagonists on the progression of kindling of rats in response to repeated amygdala stimulation, as assessed by the number of electric stimuli required to evoke stereotypic behavioral seizures (Fig. 3A) . Intracerebroventricular injection of the NMDAR antagonists had no effect on the intensity of afterdischarge threshold in the kindling (supplemental Fig. 3D , available at www. jneurosci.org as supplemental material). Intracerebroventricular injection of the nonselective NMDAR open-channel blocker MK801 30 min before daily stimulation to the rats impaired the rate of kindling compared with saline-injected rats (Fig. 3B) . Consistent with previous studies (Sutula et al., 1996) , these observations implicated the involvement of NMDARs in the progression of kindling. Interestingly, injection of NVP-AAM077 also significantly delayed the acquisition of kindling to a similar degree as that caused by MK801 injection (Fig. 3C) . In contrast, injection of the NR2B subunit-selective antagonist ifenprodil had no effect on kindling (Fig. 3D) . Injection of MK801 and NVP-AAM077 inhibited the behavioral seizure development as evident in the 19.5 Ϯ 0.9 and 20.8 Ϯ 2.4 stimulations, respectively, required to reach the kindled state (defined as three consecutive class 5 seizures; see Materials and Methods) compared with 15.1 Ϯ 0.9 stimulations for saline-treated and 15.2 Ϯ 1.1 stimulations for ifenprodil-treated animals (Fig. 3E) . We noted that all three antagonists appeared to increase the duration of afterdischarge (supplemental Fig. 3A -C, available at www.jneurosci.org as supplemental material), consistent with the previous reports (Sutula et al., 1996) , suggesting that there is no direct correlation between the duration of afterdischarge and the seizure behavior. These findings suggest that NR2A subunit, but not NR2B subunit, selectively contributes to kindling. Another widely studied animal model of limbic epileptogenesis is pilocarpine-induced epilepsy. This model is characterized by the induction of an intense limbic and tonic-clonic status epilepticus, which lasts for hours, followed by acute neurodegeneration and by the onset of spontaneous seizures a few weeks later (Morimoto et al., 2004) . To determine the effects of NR2A and NR2B subunit-selective antagonists on SE-induced epileptogenesis, the behavioral and electrographic seizures of drug-treated animals were continuously monitored. In rats injected with saline and ifenprodil, 75% (9 of 12) and 100% (9 of 9) of animals developed spontaneous seizure 8 weeks after SE, respectively (Fig.  3F ) . In contrast, in MK801-and NVP-AAM077-injected groups, 20% (2 of 10) and 33% (4 of 12) of animals developed spontaneous seizures, respectively (Fig. 3F ) . EEG recording confirmed the presence of epileptic discharge activities in the brain (Fig. 3G) . In Figure 3 . NR2A subunit-selective, but not NR2B subunit-selective, antagonist inhibited the epileptogenesis. A, Schematic presentation of the protocol used in the kindling model and the pilocarpine model. MK801 (B; 50 nmol; n ϭ 9) or NVP-AAM077 (NVP) (C; 2 nmol; n ϭ 8), but not ifenprodil (D; 30 nmol; n ϭ 5), suppressed the behavioral progression of kindling compared with rats treated with vehicle (saline; n ϭ 9) (data represent the mean Ϯ SEM; *p Ͻ 0.05). E, MK801 or NVP-AAM077, but not ifenprodil, increased the number of stimuli required to reach the kindled state compared with vehicle-treated animals (data representthemeanϮSEM;*pϽ0.05).F,MK801(50nmol;nϭ10)orNVP-AAM077(2nmol;nϭ12),butnotifenprodil(30nmol;nϭ 9), significantly decrease the incidence of spontaneous seizures after SE compared with vehicle-treated rats (saline; n ϭ 12).
2 test was used to examine the significance of differences about the incidence of spontaneous seizure between groups (*p Ͻ 0.05). G, Typical EEGs were recorded, respectively, from vehicle-, MK801-, NVP-AAM077-, or ifenprodil-treated rats 8 weeks after SE.
the rats treated with MK801 and NVP-AAM077, the frequency of spontaneous seizure were also significantly lower than that of control group (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). Thus, in both kindling and pilocarpine models, activation of NR2A-containing NMDARs is selectively required for epileptogenesis.
Absence of anticonvulsant effects of NR2A and NR2B antagonists
The above findings on the selective effects of NMDAR antagonists may be caused by acute anticonvulsant rather than antiepileptogenetic actions, because MK801 has significant anticonvulsant effects in some animal models at high doses (McNamara et al., 1988) . To exclude this possibility, it is essential to demonstrate that the dosage of antagonists used in our studies has no or minimal anticonvulsant effects. We found that MK801, NVP-AAM077, and ifenprodil all were ineffective in preventing the expression of kindled seizures (Fig. 4 A) and modifying the duration of afterdischarge (Fig. 4 B) . Similarly, none of the antagonists affected the development of pilocarpine-induced SE, as measured by both EEG recording (Fig. 4C) and the latency to the onset of behavioral seizures (Fig.  4 D) . Thus, the doses of NMDAR antagonists used in the present study had no significant anticonvulsant effects.
Effects of NR2A and NR2B antagonists on SE-induced neuronal cell death
Seizure activity is often accompanied by neuronal cell death in human patients and animal models (Chang and Lowenstein, 2003; Henshall and Simon, 2005) . To determine whether activation of NR2A-or NR2B-containing NMDARs are involved in SE-induced cell death, we examined the cell death in the hippocampus from rats 24 h after pilocarpine-induced SE. Extensive neuronal cell loss in the CA1, CA3, and hilus region was detected by Fluro-Jade B staining (Fig. 5Aa,Ab) and Nissl staining (Fig.  5Ac,Ad) of nearby sections. A single injection of MK801, NVP-AAM077, or ifenprodil all markedly reduced the severity of SEinduced cell death in CA1 and CA3 regions (Fig. 5B) . Interestingly, none of the antagonists could protect the cells in the hilus, consistent with previous finding of MK801 in the kainate model (Brandt et al., 2003) . Thus, in sharp contrast to their roles in epileptogenesis, both NR2A-and NR2B-containing NMDARs contribute to SE-induced neuronal cell death.
Selective effects of NR2A and NR2B antagonists on mossy fiber sprouting Activation of NMDARs has been implicated in seizure-induced mossy fiber sprouting, which is also a feature of human limbic epilepsy (Sutula et al., 1989; Houser et al., 1990; Sutula et al., 1996) . It is thus of interest to determine whether the selective impediment of epileptogenesis by NR2A antagonist is also reflected in seizure-induced mossy fiber sprouting, which normally occurs a few weeks after SE. As shown in Figure 6 A, we found extensive Timm-stained mossy fiber sprouting in the supragranular region of the dentate gyrus of the hippocampus 8 weeks after pilocarpine-induced SE. The mean Timm index was high in both the saline-and ifenprodil-injected groups but significantly lower in MK801-and NVP-AAM077-treated groups (Fig. 6 A, B) . These findings suggested that activation of NR2A-containing NMDARs selectively contributed to SE-induced long-term alteration of neural circuitry. Similar results were obtained from the kindling model (Fig. 6C ).
Discussion
The principal findings of this study are fivefold: (1) NR2A and NR2B subunit-containing NMDARs coupled to different intracellular signals, specifically, NR2A contributed to activitydependent BDNF expression and NR2B activation resulted in ERK1/2 phosphorylation; (2) NR2A subunit-containing, but not NR2B subunit-containing, NMDAR activation was required for development of limbic epilepsy in the kindling and pilocarpine models; (3) NR2A subunit-containing, but not NR2B subunitcontaining, NMDAR activation was required for seizure-induced development of mossy fiber sprouting; (4) both NR2A and NR2B subunits were involved in SE-induced neuronal death; and (5) there were no necessary correlations between neuroprotective and anti-epileptogenic effects of NMDAR antagonists.
NMDARs in the mammalian CNS are heteromeric assemblies composed of an NR1 subunit and at least one type of NR2 subunits with predominantly NR2A and NR2B subunits in adult rat hippocampus (Wenzel et al., 1997) . NR2A-and NR2B-containing NMDARs differ in kinetic properties, sensitivity to various ligands, permeability to divalent ions, and interactions with intracellular proteins (Cull-Candy et al., 2001) . Recent studies demonstrated that NR2A-and NR2B-containing NMDAR subtypes have distinct roles in long-term potentiation and long-term depression in the hippocampus and cortex (Liu et al., 2004; Massey et al., 2004 ) using subtype-selective antagonists, although subsequent studies get variable conclusions (Berberich et al., 2005; Neyton and Paoletti, 2006) . NVP-AAM007 is a potent NMDAR antagonist with modest selectivity for NR1/NR2A NMDARs (Frizelle et al., 2006) , whereas ifenprodil displays a great selectivity for NR1/NR2B (Williams, 1993) . Under the conditions used in this study, selectivity seems adequate. We found NR2A-and NR2B-containing NMDAR subtypes did activate different intracellular cascades and have differential roles in limbic epileptogenesis.
There are considerable evidences from experimental studies that NMDAR antagonists can inhibit epileptogenesis. The non- selective antagonists MK801 and APV, at doses with minimal anticonvulsant activities, suppress the rate of kindling and inhibit the development of spontaneous seizures in both pilocarpine and kainate models (McNamara et al., 1988; Rice and DeLorenzo, 1998) . The NR2A and NR2B subunits are the predominant NR2 subunits in the adult hippocampus and neocortex (Monyer et al., 1994; Sheng et al., 1994) , the regions involved in limbic epilepsy. We hypothesized that NMDAR subtype-selective signaling contributes to limbic epileptogenesis and its associated neuropathology. Using NR2A and NR2B subunit-selective antagonists, we tested this hypothesis by quantifying epileptogenesis and mossy fiber sprouting in both kindling and pilocarpine models of limbic epilepsy. Our results implicate a potentially specific role of NR2A subunit in epileptogenesis and mossy fiber sprouting. This conclusion is based on the observations that the nonselective NMDAR antagonist MK801 and the NR2A relatively selective antagonist NVP-AAM077, but not the NR2B-selective antagonist, significantly delayed the development of kindling and inhibited SE-induced development of spontaneous seizures and mossy fiber sprouting. This conclusion is consistent with the finding of previous studies using NR2B-selective antagonists, which have no effects on epileptogenesis at doses with minimal anticonvulsant action (Yourick et al., 1999) . Studies from NR2 mutant mice implicate that NR2A-specific signaling contributes to kindling and mossy fiber sprouting. There is a more than twofold increase in the number of stimulations required to achieve kindling criterion and significant decrease in the Timm staining of mossy fiber sprouting in NR2A C-terminal truncated mutant mice compared with wild-type mice (Sprengel et al., 1998) , although the interpretation of this finding is complicated by the fact that the C-terminal truncation leads to impairment of the synaptic targeting of NR2A and developmental motor behavior deficits of the mutant mice (Sprengel et al., 1998) . In the CNS, NMDAR-mediated signals are critical for the survival of developing neurons and for several forms of synaptic plasticity and learning and memory (Sheng and Kim, 2002) . Conversely, NMDAR-mediated excitotoxicity has been implicated in a diversity of neurodegenerative disorders. The molecular basis for the dichotomy (death vs survival) of NMDAR signaling has been unclear. One hypothesis is that the location of NMDARs determines the nature of NMDAR signaling. Synaptic NMDAR activation promotes neuronal survival, whereas extrasynaptic NMDAR activation results in cell death (Sattler et al., 2000; Hardingham et al., 2002) . NR2A is preferentially located at synaptic sites, and NR2B is enriched in extrasynaptic sites in mature neurons (Stocca and Vicini, 1998; Tovar and Westbrook, 1999) . We found that the blockade of SE-induced neuronal death of the pyramidal neurons of hippocampus by either NR2A-or NR2B-selective antagonist suggests that both subtypes are involved in death-promoting signaling after abnormal NMDAR activation.
Our finding is consistent with the results of previous studies using selective antagonists and mutant mice (Sprengel et al., 1998) . NR2B-selective antagonists are neuroprotective in a diversity of animal models of neuronal injury (O'Mahony et al., 1998; Picconi et al., 2006) , and NR2A C-terminal truncated mutant mice displayed a lesser sensitivity to focal ischemia than wild-type mice (Morikawa et al., 1998) . Furthermore, Ser1232 phosphorylation of NR2A subunit catalyzed by cyclin-dependent kinase 5 was found to be involved in selective neuronal death in CA1 region of hippocampus induced by transient global ischemia (Morikawa et al., 1998; Wang et al., 2003) . It seems plausible that the duration and magnitude of NMDAR stimulation determine the fates of neurons. Normal excitatory synaptic transmission-mediated NMDAR activation is required for synaptic plasticity, neuronal growth, and survival, whereas abnormal NMDAR activation causes excitotoxicity.
A number of studies have suggested that loss of neurons after status epilepticus or during kindling is causal for the increased seizure susceptibility or the development of spontaneous seizures, although evidence from the kindling model has been contradictory. In theory, the loss of neurons, especially GABAergic interneurons, would account nicely for the neuronal hyperexcitability in epilepsy (Sloviter, 1987; Morin et al., 1998; Cossart et al., 2001) . In this study, although NR2A and NR2B antagonists offered similar degrees of neuroprotection, only NR2A antagonist prevented epileptogenesis. Interestingly, although NR2B antagonist provided great neuroprotection, more rats in the NR2B Figure 6 . Selective effects of NR2A and NR2B antagonists on mossy fiber sprouting. A, Timm staining for mossy fiber sprouting was measured 8 weeks after SE. Rats in the vehicle group (saline; n ϭ 12) developed extensive mossy fiber sprouting in supragranular region of dentate gyrus 8 weeks after SE. Treatment with a single injection of MK801 (50 nmol; n ϭ 10) or NVP-AAM077 (NVP) (2 nmol; n ϭ 12), but not ifenprodil (30 nmol; n ϭ 9), blocked SE-induced mossy fiber sprouting in supragranular region. The high magnification of dentate gyrus was shown in the bottom row. Arrowheads point to Timm granules in the supragranular region. Scale bars: top row, 500 m; bottom row, 50 m. Quantification of Timm granules in the supragranular region in the pilocarpine model (B) and the kindling model (C) (data represent mean Ϯ SEM; *p Ͻ 0.05, **p Ͻ 0.005 compared with sham; # p Ͻ 0.05, ## p Ͻ 0.005 compared with vehicle).
antagonist-treated group developed epilepsy than the salinetreated group. These observations suggest that the antiepileptogenetic effects of NMDAR antagonists could be dissociated from their neuroprotective effects. Dissociations between the development of limbic epilepsy and neuronal loss have also been reported in humans and other animal models. Seizures in some patients with limbic epilepsy were successfully controlled by partial removal of hippocampal tissue that exhibited without obvious neurodegeneration (Spencer and Spencer, 1994; Mathern et al., 1995) . Kindling, a widely used animal model of limbic epilepsy, has no detectable neuronal cell loss. Rats experienced two priming kainic acid-induced short seizure episodes, and one kainic acid-induced sustained episodes of status epilepticus also displayed no detectable neuronal loss but did develop epilepsy (Zhang et al., 2002) . The initial seizures evoked by kindling or pilocarpine trigger a signaling cascade that culminates in expression of immediate early genes, transcription factors, and neurotrophic factors, thereby altering neuronal structures and the balance between excitation and inhibition in neural networks, resulting in epileptogenesis (DeLorenzo, 1998; Zagulska-Szymczak et al., 2001; Lukasiuk et al., 2003) . Both NMDARs (Ormandy et al., 1989; Stafstrom et al., 1993; Sutula et al., 1996; Rice and DeLorenzo, 1998) and BDNF (Binder et al., 1999) have been implicated in animal models of limbic epilepsy. BDNF is a cAMP response element-target gene. Ca 2ϩ influx from voltage-dependent calcium channel (Ghosh et al., 1994) or synaptic NMDAR (Hardingham et al., 2002 ) is sufficient to initiate BDNF expression. It is possible that seizure activity activates synaptic NMDARs and increases BDNF expression. Consistent with this possibility, Tongiorgi et al. (2004) found that pilocarpine-induced seizure activity increased BDNF expression and dendritic targeting. The seizure-induced dendritic targeting of BDNF mRNA is NMDAR dependent. However, Zafra et al. (1990) found that kainic acidinduced BDNF expression was not prevented by NMDAR antagonist. Kainic acid can directly activate kainate receptor and thus increase intracellular calcium, which may be sufficient to increase BDNF expression independent of NMDAR activation. Conversely, activation of kainate receptor will depolarize neurons and indirectly activate voltage-dependent calcium channel and, thus, increase BDNF expression. In our present work, we used a pilocarpine, but not a kainic acid, model. It is possible that pilocarpine indirectly increases excitatory synaptic transmission, activates synaptic NMDARs, and increases BDNF expression. The specific requirement of NR2A activation for epileptogenesis in the present work suggests that NR2A activates a distinct intracellular signal pathway that links BDNF expression and then contributes to the development of epilepsy. Because selectively scavenging BDNF by TrkB IgG inhibited kindling (Binder et al., 1999) and conditional deletion of BDNF receptor TrkB prevented epileptogenesis in the kindling model , selective activation of NR2A-containing NMDARs could be coupled to epileptogenesis by elevating BDNF expression. Interestingly, the appearance of epilepsy (Sankar et al., 2000) and increased BDNF expression (Danzer et al., 2004) as a consequence of SE is age dependent, which correlates well with age-dependent NR2A subunit expression (Takai et al., 2003) . Our finding thus provides a molecular pathway linking glutamate receptor activation to limbic epileptogenesis and suggests selective targets for the development of pharmacological treatments that can prevent epilepsy.
